Minimized open-circuit voltage reduction in GaAs/InGaAs quantum well solar cells with bandgap-engineered graded quantum well depths Xiaohan The use of InGaAs quantum wells with composition graded across the intrinsic region to increase open-circuit voltage in p-i-n GaAs/InGaAs quantum well solar cells is demonstrated and analyzed. By engineering the band-edge energy profile to reduce photo-generated carrier concentration in the quantum wells at high forward bias, simultaneous increases in both open-circuit voltage and shortcircuit current density are achieved, compared to those for a structure with the same average In concentration, but constant rather than graded quantum well composition across the intrinsic region. This approach is combined with light trapping to further increase short-circuit current density. V C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896739]
The trade-off between the open-circuit voltage (V oc ) and short-circuit current density (J sc ) of a solar cell requires the optimum bandgap of a conventional pn junction solar cell to fall approximately between 1.3 eV and 1.6 eV. 1-3 The bandgap of GaAs is squarely in this range and power conversion efficiency as high as 28 .8% has been achieved for a single-junction GaAs solar cell. 4 The efficiency of pn junction solar cells can potentially be further improved by insertion of low-dimensional nanostructures, e.g., quantum wells (QWs), into a GaAs p-i-n photovoltaic cell structure so that J sc can be increased by extending the cell's absorption to longer wavelengths (>900 nm). [5] [6] [7] [8] [9] However, reports show that such approaches often result in a reduced V oc , as material defects can be introduced due to lattice mismatch 10, 11 and carrier extraction efficiency can be lowered since QWs can function as recombination centers for photo-generated carriers. [12] [13] [14] To mitigate these effects, strain-balance techniques have been employed to minimize lattice relaxation during growth. 15, 16 Other approaches have involved designing different band-edge energy profiles, such as stepped potential barriers in QW solar cells, to increase photo-generated carrier extraction efficiency. 17 In this letter, we demonstrate and analyze a bandgapengineered design for thin-film p-i-n GaAs/InGaAs QW solar cells with indium concentration monotonically changing from 10% to 30% through the intrinsic region to maintain a high V oc . By engineering the band-edge energy profile, the photo-generated carrier concentration in the QWs is reduced at large forward bias, and both V oc and J sc are increased compared to a QW cell with the same average indium concentration but constant QW composition across the intrinsic region. For QW cells in this study, long-wavelength optical absorption in the QW region is further improved by increasing the light path inside the thin-film semiconductor layer using light trapping techniques, [18] [19] [20] in which backscattering structures were fabricated via a nanosphere lithography (NSL) process. 21 Sample structures were grown by solid-source molecular beam epitaxy (MBE) on GaAs (001) undoped substrates and are shown schematically in Figure 1 . For each sample, a 200 nm n-type GaAs buffer layer was grown, followed by an 800 nm n-type (n $ 2 Â 10 18 cm À3 ) Al 0.85 Ga 0.15 As etch stop layer, 20 nm n-type (n $ 6.5 Â 10 18 cm À3 ) GaAs contact layer, and 30 nm n-type (n $ 3 Â 10 18 cm À3 ) Al 0.85 Ga 0.15 As window layer. A 100 nm n-type (n $ 3 Â 10 18 cm À3 ) GaAs emitter layer was grown next, followed by an unintentionally doped layer consisting of either 134 nm GaAs (structure (i)) or GaAs/InGaAs QW structures (structures (ii)-(v)) with a total intrinsic region thickness of 134 nm. A 2000 nm p-type (Be-doped, p $ 5 Â 10 18 cm À3 ) GaAs base layer, a 100 nm p-type (p $ 1 Â 10 18 cm À3 ) Al 0.2 Ga 0.8 As back surface field layer and a 20 nm thick p-type (p $ 5 Â 10 18 cm À3 ) GaAs contact layer then completed each epitaxial layer structure. The growth temperature was kept above 500 C throughout. For intrinsic GaAs, the background doping concentration from impurities in the chamber is below the threshold of Hall measurements, and is therefore estimated to be below 10 À15 cm À3 . Band-edge energy diagrams of QW cells at forward bias were computed using a 1D Poisson solver, 22 with constant separation of electron and hole Quasi-Fermi levels (QFL) throughout the intrinsic region assumed. Currentvoltage characteristics were measured using normally incident light from a Newport Oriel 96 000 solar simulator operating at 1-sun illumination with an airmass (AM) 1.5G filter. Photocurrent response spectra were measured at zero bias using a single grating monochromator based system from Optronic Laboratories with AC lock in detection.
Key device fabrication processes are illustrated in Figures 2(a)-2(d). A 100 nm SiO 2 layer was e-beam evaporated onto the epitaxially grown p þ -GaAs surface, followed by patterning using the NSL process, in which 500 nm diameter polystyrene spheres were deposited on the SiO 2 surface in a hexagonal array using a Langmuir-Blodgett process 23 ( Figure 2(a) ). Reactive-ion etching was used to shrink the sphere diameter to 250 nm, followed by deposition of 15 nm Cr, a lift-off process in which the polystyrene spheres were dissolved in toluene under sonication, and then reactive-ion etching of the SiO 2 with a CF 4 /O 2 gas mixture ( Figure 2(b) ). 10 nm Cr/40 nm Au/1200 nm In metallization was then deposited to form the nanostructured rear contact (Figure 2(c) ). Then, using a home-built wafer-bonding apparatus, the cell structure was flip-bonded to a silicon substrate on which 10 nm Cr/800 nm Au had previously been deposited by e-beam evaporation. Finally, substrate removal and mesa etching processes were employed to create 1 mm Â 1 mm and 2 mm Â 2 mm device mesas on the silicon supporting substrates, and the devices were coated with a 76 nm silicon nitride antireflection coating (Figure 2(d) ). Additional details regarding the thin-film device fabrication process used in this work have been reported elsewhere. 20, 24 The key idea for the graded QW cell structure design is that it enables increased separation of the electron QFL from the QW conduction band-edge at forward bias, resulting in a reduced photo-generated carrier concentration in the QWs at forward bias and, consequently, increased V oc and operating voltage for maximum power output. At the same time, for the graded QW cell structure, the QW barriers can be substantially thinner, compared to those in reference QW cells with the same maximum In content, while remaining below the critical thickness for strain relaxation so that tunneling transport of carriers is facilitated. For GaAs/InGaAs QWs, the conduction band offsets are significantly larger than the valence band offsets, making electrons more difficult to be collected than holes. 25 As a result, in this study, the design focused on the QW solar cell conduction band-edge energy diagrams to demonstrate the basic concept. Figure 3 (a) shows a 1D Poisson calculation of the bandedge energy diagram for the GaAs/In 0.1 Ga 0.9 As QW cells under a forward bias of 0.8 V. It is anticipated that if there exists significant overlap of the electron QFL with the QW conduction band states, carrier collection efficiency will be greatly reduced due to the high concentration of photogenerated carriers trapped inside the QWs, and a V oc as high as 0.8 V cannot be maintained. For the GaAs/In 0.1 Ga 0.9 As quantum well reference cell, which has the shallowest set of QWs, a small overlap of the electron QFL with the InGaAs conduction band states can be observed, but it is a relatively minor factor in determining the cell's V oc due to the lower electronic density of states in the conduction band of GaAs/ In 0.1 Ga 0.9 As QWs compared to QWs with higher In concentration. Figures 3(b) and 3(c) show band-edge energy diagrams computed using the 1D Poisson solver for GaAs/ In 0.18 Ga 0.82 As and GaAs/In 0.3 Ga 0.7 As QW cells at 0.8 V forward bias, respectively. The electron QFL is well above the conduction band-edge energy for at least one QW in each case, which suggests that at a forward bias of 0.8 V, a significant concentration of photo-generated carriers is trapped inside the QWs instead of being extracted, resulting in a degraded V oc . Figure 3(d) shows the simulated band-edge energy diagram of the graded QW cell at 0.8 V forward bias. The electron QFL is very clearly below the conduction bandedge energy for all the QWs in this structure, which ensures The cell structure was flip-bonded to a silicon substrate on which 10 nm Cr/800 nm Au metallization had previously been e-beam deposited, and 1 mm Â 1 mm and 2 mm Â 2 mm device mesas were created after a substrate removal and mesa etching process, and coated with a 76 nm silicon nitride antireflection coating. that a low photo-generated carrier concentration is trapped in the QWs at 0.8 V forward bias. We note that with regard to carrier concentrations in the QWs, the assumption that the electron QFL is constant across the intrinsic region is essentially the most conservative assumption, and the actual carrier concentrations in the QWs can be lower. [26] [27] [28] However, the graded QW design enables the electron QFL to stay well below the QW conduction band-edge, resulting in a reduced QW carrier concentration, at large forward bias voltages. Here, the average indium concentration for the graded QW solar cell is taken to be 18%, and is calculated via averaging the QW compositions weighted by the thickness of each QW
which is a more conservative estimate compared to simply averaging over the indium concentration for each QW, which would yield an average concentration of 20%. Figure 4 (a) shows current-voltage characteristics under AM1.5G, 1-sun illumination for the GaAs homojunction and GaAs/InGaAs QW cells integrated with nanostructured rear contacts. Figure 4(b) shows external quantum efficiency (E.Q.E.) measurements for the full set of devices, including the homojunction and QW cells integrated with nanostructured rear contacts. The GaAs/In 0.3 Ga 0.7 As QW cell yields the highest E.Q.E. at wavelengths longer than 900 nm, for which optical absorption occurs only in the QW region. However, the largest degradation in V oc is also observed for the GaAs/In 0.3 Ga 0.7 As QW cell. The graded QW cell shows slightly lower E.Q.E. at wavelengths longer than 900 nm compared to the GaAs/In 0.3 Ga 0.7 As QW cell, but significantly higher E.Q.E. compared to the other QW cells and the homojunction cell, and maintains E.Q.E. larger than 4% up to 980 nm, significantly exceeding the 1% E.Q.E. per QW level typically observed. 29 We note that because of the strong excitonic absorption near the QW absorption edge, 30 combined with strong coupling of incident light to a guided mode in the thin-film semiconductor structure at $930 nm, the measured and simulated E.Q.E. in this wavelength range, as well as the measured value for J sc , for the GaAs/ In 0.1 Ga 0.9 As QW cell is unusually high compared to those for the other QW samples. These observations are consistent with predictions derived from the 1D Poisson simulation results described above.
Figures 5(a) and 5(b) show the measured V oc and J sc , respectively, of the full set of devices versus the QW indium concentration in this study. For the graded QW cell, the QW In concentration is taken to be the average In concentration in the four QWs present in the device. For the homojunction, GaAs/ In 0.1 Ga 0.9 As, GaAs/In 0.18 Ga 0.82 As, and GaAs/In 0.3 Ga 0.7 As QW reference cells, a steady decrease in V oc from 0.92 V to 0.52 V is observed with increasing indium content in the QWs. This trend is consistent with other works that have been reported. 31, 32 Similarly, the fill factor decreases slightly with increasing In concentration in the QW solar cells. 33, 34 For the measurements shown in Figure 4(a) , the fill factors are 76.9% for the GaAs homojunction reference cell, 76.1% for the GaAs/In 0.1 Ga 0.9 As QW solar cell, 71.3% for the GaAs/ In 0.18 Ga 0.82 As cell, and 63.7% for the GaAs/In 0.3 Ga 0.7 As cell. The graded cell has a slightly higher fill factor, 73.8%, than the GaAs/In 0.18 Ga 0.82 As cell, which has the same average In concentration in the quantum wells. In addition, the graded QW cell, with an average 18% indium concentration in the QWs, shows both improved V oc (70 mV increase) and J sc (0.21 mA/cm 2 increase) compared to the GaAs/In 0.18 Ga 0.82 As QW cell. Taking this behavior for the GaAs/In 0.1 Ga 0.9 As QW cell into account, we see that use of the graded QW device structure enables both V oc and J sc to be increased, simultaneously, beyond the trend lines observed for GaAs/InGaAs QW cells with constant In concentration in the QWs.
In summary, we have demonstrated a bandgapengineering strategy for GaAs/InGaAs thin-film QW solar cells with graded QW depths, which is shown to increase both V oc and J sc compared to a QW solar cell with uniform QW composition at the same average composition as the graded-well structure. 1D Poisson simulations of band-edge energy diagrams show that for the graded QW cell, the electron QFL separation from the QW conduction band-edge under a forward bias near its V oc is increased compared to QW cells with uniform composition across the intrinsic region, which effectively reduces photo-generated carrier concentration in the QWs. Measurements show that V oc of the homojunction and QW cells with constant QW composition decreases significantly with increasing indium content in the QWs, while the graded QW cell, with an average 18% indium concentration in the QWs, shows improvement in both V oc and J sc compared to the GaAs/In 0.18 Ga 0.82 As QW cell. The integration of light trapping structures with the QW solar cells provides increased optical absorption at the longer wavelengths (>900 nm) for which absorption occurs only in the QWs, and for the graded QW cell, it is measured to extend longer wavelength absorption up to 1050 nm while maintaining a greater than 1% E.Q.E. per QW up to 980 nm. This approach thus shows promise for further improving the performance of QW cells, particularly for those with deep QWs, in terms of maintaining both high V oc and J sc values under solar illumination. We anticipate that V oc of the graded structure may be further improved by thinning the QW barriers or employing other strategies to further increase photogenerated carrier tunneling transport, thereby increasing the carrier extraction efficiency. This approach may also be implemented in more complex QW systems, such as ternary or quaternary QWs, where large conduction and valence band offsets can simultaneously be achieved by adjusting the QW material composition to further increase the range of absorbed wavelengths while maintaining a minimal reduction in V oc . Part of this work was supported by the National Science Foundation (ECCS-1120823 and DMR-1311866), the Air Force Office of Scientific Research (FA9550-10-1-0182), and the Judson S. Swearingen Regents Chair in Engineering at the University of Texas at Austin.
